Binding of Src family kinases to membrane-associated polyoma virus middle T-antigen (PyMT) can result in the phosphorylation of PyMT tyrosine 250, which serves as a docking site for the binding of Shc and subsequent activation of the Raf-MEK-ERK (MAP) kinase cascade. In a screen for PyMT variants that could not activate the ARF tumor suppressor, we isolated a cytoplasmic nontransforming mutant (MTA) that encoded a C-terminal truncated form of the PyMT protein. Surprisingly, MTA was able to strongly activate the MAP kinase pathway in the absence of Src family kinase and Shc binding. Interestingly, the polyoma small T-antigen (PyST), which shares with MTA both partial amino acid sequence homology and cellular location, also activates the MAP kinase cascade. Activation of the MAP kinase cascade by both MTA and PyST has been demonstrated to be PP2A-dependent. Neither MTA nor PyST activate the phosphorylation of AKT. The SV40 small T-antigen, which is similar to PyST in containing a J domain and in binding to the PP2A AC dimer, does not activate the MAP kinase cascade, but does stimulate phosphorylation of AKT in a PP2A-dependent manner. These findings highlight a novel role of PP2A in stimulating the MAP kinase cascade and indicate that the similar polyoma and SV40 small T-antigens influence PP2A to activate discrete cellular signaling pathways involved in growth control.
A
ctivating oncogenes overcome normal cell regulatory control systems and stimulate growth signaling pathways leading to unregulated cell division. The polyoma virus (Py) early region specifies three proteins, large T-antigen (PyLT), middle T-antigen (PyMT), and small T-antigen (PyST), by differential splicing of mRNA derived from the same genomic DNA sequence (1) . The membrane-bound PyMT is a potent activating oncogene, which has no intrinsic enzyme activity but acts as a scaffolding protein and binds and modulates the activities of a number of important cellular signaling proteins (1, 2) . Studies with PyMT have provided great insight into a number of critical cellular signaling pathways involved in growth control (3) .
Membrane-bound PyMT binds and activates the cellular Src tyrosine kinase family resulting in phosphorylation of a number of important PyMT tyrosine residues (1, 2) (Figs. 1 and 2). Phosphorylation of PyMT tyrosine 315 (Y315) results in the binding of the PI3-kinase regulatory p85 subunit and subsequent activation of PI3-kinase activity, resulting in the phosphorylation of a number of cellular targets, including AKT ( Figs. 1 and 2 ). Phosphorylation of PyMT tyrosine 250 (Y250) results in the binding of the Shc family of cellular proteins. Bound Shc associates with the adapter molecule Grb2, which binds to the Sos guanine nucleotide exchange factor, resulting in the activation of Ras. Ras activation leads to the activation of the Raf-MAP kinase pathway resulting in the phosphorylation of MEK and ERK (Fig. 1) . Phosphorylation of PyMT tyrosine 322 (Y322) results in the binding of PLC␥ and activation of its associated signal transduction pathways (Fig. 2) .
PyMT also induces ARF, and consequently, p53, as a result of the inappropriate induction of one or more of the growth stimulatory pathways it activates (4, 5) . PyMT, as well as the PyST with which it shares extensive amino acid homology, contains a PP2A binding domain that allows it to mimic the cellular PP2A regulatory B subunit and bind to the core PP2A dimer composed of the A and C subunits (6, 7) (Fig. 2) . The binding of PP2A subunits A and C to PyMT is required for the stable association of the Src family kinases, and in the absence of the binding of these PP2A subunits, none of the PyMT tyrosines are phosphorylated and the cellular growth signal transduction pathways are not activated (1) . In Phosphorylation of PyMT Y250 can serve as a docking site for Shc, which recruits the Grb2 adaptor protein, which binds the Sos guanine nucleotide exchange factor resulting in the activation of Ras. Ras activation can lead to the activation of the Raf-Map kinase cascade, resulting in the phosphorylation of MEK and ERK. Phosphorylation of PyMT tyrosine 315 (Y315) results in the binding of the PI3-kinase regulatory p85 subunit and subsequent activation of PI3-kinase activity resulting in the phosphorylation of a number of cellular targets including AKT.
addition, PyMT can bind the Hsc70 and the 14-3-3 cellular proteins (1, 2) (Fig. 2) .
In a previous study, we used a screen to isolate untransformed REF52 cell clones containing integrated expressed PyMT mutant sequences, which could not activate the ARF-p53 pathway and block cell division (8) . The integrated PyMT DNA sequences in two of these REF52 cell clone were found to be altered at a mutational DNA hotspot region containing 9 consecutive cytosines resulting in different frameshift mutations. As a consequence of either a loss (MTA) or gain (MT11) of one cytosine, each of the encoded PyMT mutant proteins frameshifted into one of the two alternative Py reading frames (8) . This results in the loss of the PyMT C-terminal membrane binding region and the subsequent mislocalization of the PyMT mutant proteins to either the cytoplasm (MTA) or the nucleus (MT11) (8) . The organization of the MTA and MT11 mutant PyMT proteins relative to the wild-type PyMT protein is shown in Fig.  2 . In this work, we find that the MTA PyMT mutant resembles PyST in activating the MAP kinase pathway through regulation of PP2A. We also observe that MTA and PyST differ from SV40 small T-antigen (SVST), which activates the PI3-kinase pathway but not the MAP kinase pathway.
Results
The Cytoplasmic MTA PyMT Protein and the Nuclear MT11 PyMT Retain Minimal in Vitro Kinase Activity. Neither the MTA nor the MT11 PyMT proteins activate the ARF-p53 pathway or induce neoplastic transformation (8) . To gain some insight into which PyMT cellular binding proteins might be involved in the induction of the ARF-p53 pathway and/or neoplastic transformation, we sought to determine which cellular pathways were or were not activated by the variant MTA and MT11 PyMT proteins. The wild-type PyMT protein binds to and activates Src family kinases in the membrane, resulting in the phosphorylation of a number of PyMT tyrosines. These phospho-tyrosines serve as docking sites for various proteins, which upon binding to PyMT lead to the activation of a number of important cellular signaling pathways ( Figs. 1 and 2) (1, 2) . The PyMT Src-family binding region is present in both the MTA-and MT11-truncated PyMT proteins (Fig. 2 ), but neither of these mutant proteins is located in the membrane (8) and would not be expected to be associated with members of the membrane-localized Src kinase family as has been observed for other PyMT mutants mutated in their membrane localization region (9, 10) . To assess whether MTA and MT11 mutant PyMT proteins are affected in their ability to associate with Src-family kinases, we immunoprecipitated the various PyMT proteins and measured their associated kinase activity by performing in vitro kinase assays, using the PyMT proteins as the substrate (Fig. 3) . Because wild-type PyMT alone will activate ARF and consequently p53 in normal REF52 cells resulting in a block to cell division (4), in this and in following experiments we used dividing PyMT transformed REF52 cells in which p53 is inactivated by the presence of a dominant negative p53 (PyMT DNp53REF52) as a positive control.
The results (Fig. 3) show that a very small amount (2-5%) of kinase activity is associated with the MTA-and MT11-altered PyMT proteins compared with wild-type PyMT. Thus, the MTAand MT11-PyMT proteins are severely inhibited in their associated Src family kinase activity, as has been found for other PyMT mutants that are impaired in their membrane localization (9, 10) . We cannot rule out that the small amount of kinase activity we detect is not the result of association of the mutant PyMT with a Src kinase family member in the cell extract after breaking open the cells. domains. The MTA frameshift protein contains the first 337 aa of PyMT attached to 6 aa from a small ORF of the 3Ј untranslated region of the PyST (stippled) at its C terminus (8) . The MT11 frameshift protein contains the N-terminal 338 aa of PyMT attached to 85 aa of PyLT (containing nuclear localization sequence) (diagonal crosshatch) and 4 aa of vector sequence (horizontal crosshatch) at its C terminus (8) . 
Analysis of the Cellular Pathways Activated by the Altered PyMT
Species in Untransformed MTA and MT11 Cells. Retained in the PyMT amino acids sequences present in both the MTA and MT11 mutant PyMT proteins are the two important PyMT tyrosines, Y250 and Y315 (Fig. 2) . Phosphorylated Y250 and Y315, serve as docking sites for Shc family proteins and the PI3-kinase p85 regulatory subunit respectively (Figs. 1 and 2). Shc proteins bind to the adapter molecule Grb2, which associates with the Sos guanine nucleotide exchange factor. Binding of Shc to PyMT results in the translocation of Sos to the membrane and activation of Ras. Ras then activates Raf kinase leading to the sequential phosphorylation and activation of MEK (P-MEK) and ERK (P-ERK) (Fig. 1) . Binding of the p85 regulatory subunit to PyMT phosphorylated at Y315 can lead to activation of the PI3-kinase pathway, resulting in the phosphorylation of a number of cellular targets including AKT (P-AKT) (Fig. 1) .
The abilities of MTA and MT11 mutant proteins to associate with Shc proteins were assayed by immunoprecipitation followed by Western blot analysis (Fig. 4) . Whereas Shc proteins could be detected bound to wild-type PyMT, no Shc was detected complexed with either the MTA-or MT11-mutant PyMT proteins. Thus, the lack of association of the MTA and MT11 mutant PyMT proteins with the Src kinases correlates with their inability to interact with Shc proteins. On the other hand, the MTA and MT11 mutant proteins are similar to wild-type PyMT in their ability to interact with the PP2A A and C subunits as both of these PP2A subunits are readily detected in immunoprecipitates of MTA, MT11, and wild-type PyMT proteins (Fig. 4) . We assessed the activation state of the MAP kinase and PI3-kinase pathways in cells expressing the various PyMT proteins by Western blot analysis on cell lysates using phospho-specific antibodies to ERK, MEK, and AKT (Fig. 5) . As expected, increased levels of P-ERK, P-MEK, and P-AKT were detected in REF52 cells transformed by wild-type PyMT. Unlike wildtype PyMT-expressing cells, MTA-or MT11-expressing cells did not contain elevated levels of P-AKT. MT11 cells were also defective in activating the MAP kinase pathway. Surprisingly, however, MTA-expressing cells did show high levels of phosphorylated MEK and ERK (Fig. 5A ). To rule out the possibility that these results were a peculiarity of the MTA and MT11 cell lines being studied, retroviruses containing the MTA and MT11 mutant PyMT sequences were generated and used to infect wild-type REF52 cells. Similar levels of P-AKT, P-ERK, and P-MEK, as expressed in the MTA and MT11 REF52 cell lines, were found in REF52 cells 6 days after retrovirus infection (data not shown). Interestingly, levels of P-ERK and P-MEK were consistently higher in cells containing the MTA protein than in cells containing wild-type PyMT, both in the cell lines and in retrovirus infected cells (Fig. 5) .
Thus, despite its failure to interact with Shc (Fig. 4) , the MTA-mutant PyMT protein can strongly activate the MAP kinase pathway (Fig. 5A) . To assess the possibility that residual Shc binding below the level of detection of our assay might be responsible for MAP kinase pathway activation, we mutated the PyMT tyrosine that serves as a Shc-binding site to phenylalanine (Y250F) in the MTA-mutant protein. When expressed in cells, the MTA Y250F PyMT protein is still able to activate ERK phosphorylation (Fig. 5B) , indicating that MTA can activate the MAP kinase pathway by a mechanism independent of Shc binding. Strikingly, a MTA-mutant protein that is defective in binding to PP2A subunits (MTA PP2A-) as the result of an insertion of alanine and leucine residues at PyMT amino acid 107 (11) is unable to activate the MAP kinase pathway (Fig. 5B) .
As MEK and ERK were activated in MTA expressing cells (Figs. 5 A and B) , we evaluated whether the Raf was also activated. We tested for Raf activation by assessing whether Raf was phosphorylated at activating serine 338 (12) (13) (14) . As can be seen in Fig. 5C The MTA Protein Mimics PyST. PyMT contains the same N-terminal 191 amino acids as PyST (see Fig. 2 ). Within this common region is the PP2A binding domain (Fig. 2) . Nevertheless, the two proteins have different cellular localizations. Whereas PyMT is membrane associated, PyST is found in both the cytoplasm and the nucleus. Both the cytoplasmic MTA protein and the nuclear MT11 protein both contain 191 of the 195 of the PyST amino acids (Fig. 2) and bind PP2A subunits A and C (Fig. 4) . Thus, we sought to determine whether the effect of PyST on the PI3-kinase and MAP kinase pathways was similar to those we observed for the MTA-and/or MT11-mutant PyMT proteins.
REF52 cells were infected with retroviruses containing wildtype PyST or PyST containing mutations in either the J domain or the PP2A domain. The activation of the MAP kinase pathway and the PI3K pathway in the infected cells were analyzed by Western blot analysis with phospho-specific antibodies (Fig. 6A) . Wild-type PyST, like MTA, strongly stimulates MEK and ERK but not AKT, phosphorylation. In fact, expression of PP2A-competent PyST consistently leads to a decrease in the levels of basal phosphorylated AKT (see Fig. 6A ). Mutation in the J domain, which binds the Hsc70 heat shock protein, does not inhibit the ability of PyST to activate the MAP kinase pathway (Fig. 6A) . However, mutation of the PP2A domain completely abrogates the ability of PyST expression to activate ERK (Fig.  6A ). These data suggest that the cytoplasmic-localized MTA PyMT protein, but not the nuclear-localized MT11 protein, mimics PyST in activating the MAP kinase pathway by a mechanism dependent on the ability to bind to cellular PP2A.
PyST and SVST Activate Different Cellular Signaling Pathways Involved in Growth Control. The small T-antigens of polyoma virus (PyST) and SV40 (SVST) are similar in that both contain a J domain, which binds the Hsc70 heat shock protein, and a PP2A binding domain that allows it to mimic the cellular PP2A regulatory B subunit and bind to the core PP2A dimer composed of the A and C subunits (15, 16) . SVST has been reported to activate the PI3-kinase pathway and activate AKT phosphorylation in human cells (17, 18) . In addition, constitutive activation of PI3-kinase can substitute for the role of SVST in the transformation of hTERT immortalized normal human cells (18) . We observed that PyST activated the MAP kinase pathway but not the PI3-kinase pathway in REF52 cells (Fig. 6A) . Thus, we were interested in comparing the cellular pathways activated by PyST and SVST in REF52 cells. PP2A binding. On the other hand, mutations in the J domain that inhibit binding to Hsc70 do not affect the induction of AKT phosphorylation by SVST or ERK phosphorylation by PyST (Fig. 6B) . These results were not species specific because PyST activates the MAP kinase pathway and SVST activates AKT in human fibroblasts in a similar fashion as found in rat REF52 cells (Fig. 6C) . Thus, our results indicate that the two different but related viral small T-antigens, through interaction with the same cellular PP2A AC dimer, can differentially modulate PP2A activity to regulate distinct signaling pathways critically involved in cell growth.
Discussion
Our original aim was to determine which cellular proteins are bound to the two previously isolated frameshift PyMT mutant proteins. Although we could show that PP2A A and C subunits were bound to both mutant PyMT proteins (Fig. 4) , we found that neither mutant protein was associated with Src-family kinases or Shc proteins (Figs. 3 and 4) . Thus, it was quite surprising to find that the cytoplasmic MTA protein activates the Raf-MEK-ERK MAP kinase cascade in the absence of Shc binding (Fig. 5) . As the MTA PYMT protein contains 191 of the 195 amino acids present in PyST (Fig. 2) , we reasoned that the MTA protein could be mimicking PyST in some of its properties. We found that PyST, in a similar fashion to the MTA protein, activated the MAP kinase pathway but did not stimulate the phosphorylation of AKT (Fig. 6 ). The activation of the MAP kinase pathway by both PyST and MTA proteins was dependent on the ability to act as a PP2A B subunit and bind to the PP2A dimer composed of the A and C subunits as inactivation of the PP2A domain of both these Py proteins inhibited the activation of the MAP kinase pathway (Figs. 5 and 6 ).
PyST is reported to be located in both the cytoplasm and nucleus. MTA is located in the cytoplasm and stimulates ERK activity. On the other hand, MT11, which is located in the nucleus, is unable to activate ERK. This suggests that there may be a difference in the effect of the Py proteins on PP2A activity in different cellular locations. For instance, the Py proteins may replace different PP2A B subunits in the nucleus or the cytoplasm. Alternatively, the Py proteins may target their bound PP2A proteins to substrates that are only present at one of the two different cellular locations. We cannot rule out that cellular location is not playing a role and that the addition of the 85 PyLT and 6 vector amino acids at the C terminus of MT11 protein (Fig.  2 ) (8) is inhibiting its ability to activate the MAP kinase pathway.
Both PyST and SVST are reported to bind to the PP2A AC dimer, but it was not clear until now that PyST and SVST may affect PP2A activity in different ways. The mechanism(s) used by the two ST proteins to modulate PP2A activity is also not clear. The different ST proteins may operate in a positive manner and act as a novel regulatory B subunit and direct the ST/PP2A A and C subunit complex to dephosphorylate a new target protein. The ST proteins may also act in a negative manner, replacing one or more B subunits in the PP2A holoenzyme and preventing the dephosphorylation of some of the B subunit-dependent target proteins. It is also possible that ST/PP2A complex acts both in a positive or negative fashion, affecting different target proteins.
How could PP2A be involved in activating the MAP kinase pathway? One possibility is that the Py proteins positively modulate PP2A activity, leading to the activation of Raf, the most upstream kinase of the MAP kinase cascade. Raf kinases are subject to very complex regulatory processes that include stimulatory and inhibitory phosphorylation and dephosphorylation events (19, 20) . PP2A is known to play a positive role in the activation of the MAP kinase pathway and it has been shown to interact with and dephosphorylate inhibitory sites in Raf-1 (21) (22) (23) (24) . PP2A also plays a positive role in MAP kinase pathway activation by dephosphorylation of Ksr, which is a scaffold-type protein that brings together the three kinases of the MAP kinase pathway and facilitates pathway activation (23) .
Another possibility is that PyST is acting negatively, and by replacing preferentially specific PP2A B subunits it is inhibiting the specific PP2A activities involved in the dephosphorylation of phospho Raf, phospho MEK, and phospho ERK. Inhibition of these specific PP2A activities would result in a change in the normal equilibrium between the phosphorylated and unphosphorylated forms of the MAP kinase proteins, resulting in an increase in the presence of the phosphorylated active forms that we detect.
The PyST and SVST proteins have a similar structural organization. Both proteins contain a J domain near their amino terminus that can bind the Hsc70 heat shock protein and a PP2A binding domain that allows them to mimic the PP2A B subunit and bind to the PP2A A and C dimer. Our observation that the PyST/PP2A complex and the SVST/PP2A complex activate different cellular signaling pathways strongly indicates that the PyST and SVST proteins affect PP2A activity in different ways. The PP2A complexes containing each of the distinct ST proteins may target different cellular proteins involved in each of the dissimilar cellular pathways. Alternatively, PyST and SVST may replace different PP2A B subunits required for unique substrate specificity and the subsequent loss of these specific PP2A holoenzyme activities may differentially affect distinct cellular pathways.
PyST is intimately associated with PyMT, being derived from the same genomic DNA, and the two proteins use the same and alternative reading frames as a result of alternative splicing. In a similar fashion, SVST is intimately associated with SV40 large T antigen (SVLT). PyST does not activate the PI3-kinase pathway, whereas PyMT can directly activate the PI3K pathway via its interaction with the PI3K p85 regulatory subunit. SVLT, on the other hand, does not activate the PI3-kinase pathway, but it is SVST that achieves PI3-kinase pathway activation. It may be that the activation of the cellular PI3-kinase pathway is essential for both the SV40 and Py life cycles, and the two viruses have evolved different mechanisms to activate this critical pathway.
As PyMT stimulates the MAP kinase pathway via Ras activation (see Fig. 1) (1, 2) , it is not clear why PyST should duplicate this activation. It could be that the PyST activation is related to differential spatiotemporal regulation of the pathway by the two Py proteins. It may also be that the major role of PyST is to target PP2A to regulate other distinct pathways important for Py life cycle and the activation of the MAP kinase pathway may be an indirect consequence of this effect of PyST on PP2A activity. Regardless, it is clear that the two related ST proteins from the polyoma and SV40 viruses, while binding to the same cellular PP2A AC dimer, have evolved to differentially modulate the activity of PP2A and target it to regulate different critical signaling pathways involved in cell growth.
In summary, we have found that a cytoplasmic mutant of PyMT, as well as wild-type PyST can activate the Raf-MEK-ERK MAP kinase cascade. This activation appears to be independent of Ras and depends on the ability of these Py proteins to interact with PP2A. Whether this MAP kinase activation is the result of the PP2A complex containing the Py protein having a new specificity or that the presence of the Py protein in the PP2A complex results in the inhibition of specific PP2A activities is not clear at this time. Although both the PyST and the SVST each appear to bind to the PP2A AC dimer in a similar fashion, each of the ST proteins preferentially activate a different signaling pathway. Whereas PyST activates the Raf-MEK-ERK MAP kinase cascade, SVST activates the phosphorylation of AKT. This indicates that the effects of these ST proteins on PP2A activity are even more complex than originally envisioned.
